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ABSTRACT . /{5’585

Isochronal annealing from 80°K to 3609K of defects induced
by 45 Mev electrons in floating zone and pulled N-type silicon
was studied using electrical properties, namely conductivity and
carrier concentration. The results indicate that the annealing
behavior in this temperature range depends on the imperfections
present in the samples, before irradiation. In particular, oxygen
impurities are found to have a pronounced effect on the defect
production and annealing process. The total number of silicon
A-centers produced after irradiation at 80°K and measured after
anneal to 350°K yield production rates of 0.2 to 0.3 cm 1 which
depend only slightly on the impurity concentration of the samples
studied (3 x 1013 to 3 x 1015 phosphorous atoms/cm3). The
production rate of A-centers by 45 Mev electrons is comparable
for 809K and 300°K irradiations; this is different from results
found in 1 Mev electron irradiation. The production of A-centers
in 159K irradiation is found to be about one half the value
measured in 800K irradiations. A comparison of the character-

istics of defects induced by 45 Mev and 1-4.5 Mev electrons in

silicon will be given. ﬂém




Introduction

Recovery of electrical properties, carrier coﬁcentration and
conductivity in irradiated N-type silicon in the temperature range
from 80°K up to room temperature has not been explored in detail,
even though there have been many experiments performed on irradi-

ated N-type Si.l’2

In this paper we report some work concerning
the effect of 45 Mev electrons on the electrical properties of
N-type Si irradiated at 80°K and 15°K as well as the annealing
behavior in the temperature range from 80°k tp to about 350°K.

One of the main purposes of the investigation to be reported
here was to study the effects of oxygen impurities in both the
damage production and in the annealing. The presence of oxygen
in silicon has been shown by electron spin resonance3 and

4,5,6 to play an important role in the radiation

60

infrared spectroscopy
damage process, The effect of oxygen in Co  gamma-irradiated
silicon annealed above 300°K was studied by Saito, Hirata, and

7, Tanaka, and Inuishi8 by means of electrical properties,

Horiuchi
Obsexvations by Watkin59 on vacancy motion in N-type silicon
4§60°K emphasize the importance of low temperature irradiatioms.

Experimental Methods

The samples were made from discs cut from silicon ingots doped
with phosphorous to resistivities (at 300°K) of about 1, 10, and
1OOSrl-cm. Eight-arm bridge samples were made from the discs
using an ultrasonic cutter. The samples were polished with
Durite paper, and finally etched in CP-4 solution. Non-rectifying
gold contacts were put on the samples using an ultrasonic hot
bonding technique. A metal cryostat capable of achieving sample

temperatures of 4510% by conduction through a copper finger was
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used in the irradiations. The Hall coefficient and conductivity
were measured using standard DC techniques. The samples were
irradiated in the <ﬁ11>'direction with 45 Mev electrons from the
variable energy (10-80 Mev) R.P.I. Linear Electron Accelerator.
All data were taken with the sample enclosed in the light-tight
vacuum container of the cryostat.

Experimental Results

The carrier concentrations and mobilities of the N-type Si
samples doped with different amounts of phosphorous atoms are
reduced by 45 Mev electron bombardment. A typical response of a

sample during bombardment at 80°K is shown in Fig. 1, in which

- ’['-;‘” o
Re (mxccarrier concentration) and —% (Hall mobility) are
J

plotted versus the integrated flux of electrons, where RH is the

Eall coefficient and f is the resistivity. There was no signifi-
cant difference in the measured carrier removal rate for all
samples ivradiated at »80°K with 45 Mev electrons irrespective of
the initial resistivity (1. 10. =nd 10&1)~wm0. In all cases the
carrier removal rate was of orcer 1 cm’l, even though the carrier
concentrations before irradiation differed by a factor of ~100.
In the puilied crystais the oxygen concentrations were all of the
same order of magnitude 5 - 10 =x 1017 ca -3 as determined by the
intensity of the 9/u infrared band.

One pair of samples (one floating zone 1013-—cm and ore pulled,
]Jﬂfl-cm) was irradiated to a total integrated flux of 3 x 101!+
e/cm2 at 15°%. Due to the high resistivi ity of the samples at low
temperature, the measurements were only made at or above the

temperature of liquid nitrogen. After irradiation, the samples
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7ere warmed up and the change in properties of the samples due to
irradiation were measured. The carrier removal rate of the pulled
crystal was about the same as that of a lO.fl-cnlsample irradiated
at 80°K, but, the removal rate in the floating zone (F.Z.) sample
was about 307 less in comparison with the 10ﬂ-cm F.Z. sample
irradiated at 809K,

Isochronal annealing experiments were carried out between
809K and 360°K using successive temperature pulses of 10 minutes
duration. Measurements were made at 779K after each anneal. 1In
most casses the irradiation was continued until the carrier concen-
tration was reduced by 30 to 807%. After the irradiation was stopped
the carrier concentration continued to increase a small amount with
a lifetime of %100 minutes. Annealing experiments were started
on eachh of the irradiated samples only after the carrier concentra-
tion reached a constant value. There were some different features
observed between pulled and F.Z. samples,an example being that the
reciprocal mobility decreased in F.Z. samples, but increased in
pulled crystals. The source causing these changes is unknown.

With the cryostatl0 used for this particular experiment it was not
possible to illuminate the samples with light in order to check
whether or not trapping effects were causing these changes.

The reference values of conductivity and carrier concentration
were those measured at 789K just after completion of the irradiation.
In all cases the first anneal was performed on the samples two to
three hours after the bombardment was stopped. In the following

representation, the fraction of damage remaining in carrier
7

is the carrier concentration before irradiation, n, is the

where ng

concentration is defined as 7C(rz)= Z" —
(-4
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carrier concentration after the irradiation, and n is the carrier
concentration after an anneal for ten minutes at temperature
T(>77°K). The fraction of damage remaining in reciprocal mobility

is defined as f(l{P) = Mpo - Up Ghere 1/
I[PO - l{?r

the Hall mobility before irradiation, after irradiation and after

o’

lépr and ICP are

anneal at temperature T (>>77°K) respectively.

In Fig. 2 is shown a comparison of the annealing of the
fraction of damage remaining in carrier concentration, f£(n) vs.
temperature for two pairs of samples, in each pair, there is one
floating-zone and one pulled silicon sample both doped with
roughly the same concentration of phosphorous (n/3 x 1014 cm'3).
One pair was irradiated at a temperature of 80°K, and the other
pair was irradiated at 15°K, both with approximately the same
total integrated flux of electrons. The fraction of damage
remaining in reciprocal mobility of one pair of samples irradiated
at 80°K vs. annealing temperature is shown in Fig. 3. The main
differences between these two samples are the larger oxygen
concentration in the pulled samples (factor ~100) as mentioned
above, and the higher density of dislocations in floating-zone
crystals than in pulled crystals.

In floating-zone samples, the annealing curves of the sample
irradiated at 80°K have some structure which appears more
pronounced in the sample irradiated with lighter dose. From
Fiz. 2 it can be seen that there appear to be three recovery
stages in the 10‘1—cm floating-zone crystals irradiated at 80°K.
These stages are located at 125°K, 160°K, and 260°K. However,

there is no corresponding structure on the annealing curves of
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the loﬁlrcm floating-zone sample irradiated at 15°K. An annealing
experiment with a 1(2-cm floating-zone (P-doped) sample irradiated

old e/cmz) showed only two annealing stages;

to a higher dose (14 x 1
one broad recovery stage from 100 to 200°K, and another at 260°K.

All pulled crystals exhibited three other annealing processes,
located at about 100-200°K, 240°K, and 290°K, for both 80°K and
15°K irradiationms. However, the fraction of damage annealed out
at the 240°K and 290°K stages were smaller in the case of the 15°K
irradiation than that of the 80°K irradiation. The recovery stage
at 240°K appears as a small reverse annealing process and is not
a carrier trapping effect which has been found in irradiated
p-type germanium. This was determined by illuminating with white
light at 78°K which would have indicated the presence of traps, if
they existed. The recovery stage at 290°K in the pulled crystals
was one of the main annealing processes for 80°K irradiation,‘in
which about one fifth of the total defect concentration was
removed in llj:Z-cm samples. The two annealing stages at 240°K
(reverse annealing) and 290°K appear to be related to the oxygen
atoms, since they have no counterpart for floating-zone silicon
containing less dispersed oxygen.

In general, the number of defects annealed as determined from
measurements of the carrier concentration in the pulled crystals
appears to be higher than that in the floating-zone crystals in
the temperature range 80-360°K, but the per cent recovery in the
Hall mobility is nearly the same for both F.Z. and pulled crystals.
The experimental results given in Figs. 4 and 5 also show that the

annealing curve is close to the irradiated curve for the pulled

crystal, but this is not the case for the floating-zone sample in
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which the mobility anneals at a faster rate at lower temperature.
The temperature dependence of the carrier concentrations of
one floating-zone sample and one pulled crystal after various
anneals are plotted in Figs. 6 and 7 respectively. For the pulled
crystal, there is a defect energy level located about 0,17 eV
below the conduction band, which is associated with the oxygen

vacancy complex (A-center).3’4

The method of Kitovskii, Mashovets
and Ryvkinll was used to compute the value of the energy level.
The production rates of the A-center during 80°K irradiationms
estimated from the temperature dependence of carrier concentration

1, 0.23 em™ !

after annealing to 300%K are about 0.2 cm” , and 0.32
cm for 1, 11, and 10082 -cm respectively for pulled crystals.
The production rate of the A-~center in the llfz-cm pulled crystal
irradiated at 15°K is about 0.l'cm-1. The production rates of
deep levels (> 0.2 eV from conduction band) in the pulled sample
irradiated at 15°K was about 0.3 cm L but only ~0.1 cm™ ! in the
same resistivity sample irradiated at 80°K.

Discussion of Results and Conclusions

We can give some reasonable arguments to explain the difference

between the annealing behavior of the pulled crystals and floating
zorie crystals. Since the oxygen concentration in the pulled
crystals is, at least, two orders of magnitude higher than in
floating zone crystals, one would expect that some influence of
oxygen impurity on annealing behavior should appear from a
ccmparison of the annealing results of two kinds of samples. The
exper’..zatal data in Figs. 2, 3, 4 and 5 show that there were some
clearliy discernable differences in the recovery of electrical

sroperties from 80°K up to 350°K.
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One may inquire as to whether there is some effect of oxygen
impurity on the formation of defects at 80°K or whether there is
only an effect on annealing. This difference cannot be determined
from our data since the number of carriers removed and the number
of scattering centers produced are roughly the same for both types

¢Z crystals. From G. D. Watkins'9

spin resonance work, it is
known that the negatively charged single vacancy in N-type Si
becomes mobile below about 60°K. Also the formation rate of A-
centers for 4.5 Mev electron irradiation at 80°%Kis the same as

that at 273°K.°

From these results, one may expect that there
would be some difference between the radiation data of the two
kinds of crystals. The possible explanation for the failure to
observe a marked difference in our data is that the measurements
of electrical properties are macroscopic in which only total
carrier removal and scattering center change can be measured énd
no information of the nature of the individual defects can be
obtained. Also the radiation induced defects associated with
Oxygen impurity are only part of the total induced damage. If
we also include the information gotten from the 15°k irradiation,
(see Fig. 2) it seems reasonable to conclude that the oxygen impurity
effects the formation of defects in an 80°K irradiation.

2y comparing the data from 15°K and 80°Kk irradiations, some
conciusions may be made. The number of the defects causing the
240°% reverse annealing and 290?(annealing in pulled crystals are
smaller during 15%K irradiation than during 80°K irradiation.
Also the total number of A-centers in the sample after irradiation

at ISOK and anneal to 350°K in a 15°K irradiation is about a half

of the value in an SOOK irradiation after 350°K anneal. The



number of the defects associated with deep levels after 350°K
annealing is higher for the lower temperature irradiation. In
F.Z. samples the annealing rate of damage as measured by carrier
concentration is more rapid in 15°K irradiation than in 80°K
irradiation (see Fig. 2). These experimental facts suggest that
the formation rates of some defects have temperature dependence,
and/or indirectly, they suggest that some primary defects are
mobile below 80°K.
It is possible that the defects which correspond to the annealing
stage of 290°K in pulled crystal are formed by oxygen atoms and
some primary radiation-induced defects, which are mobile below
80°K. The possibility that the 290°K annealing stage is related
to oxygen-enchance annealing is ruled out, since there is no
corresponding anmealing stage in the floating-zone samples.(12’13)
There are several possible explanations for the reverse:
annealing at about 240°K. One is that the dissociation of some
compiex defects produced favorably by 80°K irradiation occurs
around 2400K, with the fragments individually forming stable
defects with some imperfections (most probably oxygen atoms)
existing in the pulled crystal only, which are able to trap
carriers at liquid nitrogen temperature. The dissociating defects
might exist in the floating-zone crystal but there are not
enough oxygen atoms to form the stable defects to trap carriers,
such as the A-center. Other different explanations are still
possible, such as follows; this behavior may occur in the case
of annealing of donors whose levels lie in the forbidden band

close to bottom of the conduction band. These centers are then



complectely ionized in the sample at the temperature of liquid
nitrogen and taeir annealing reduces the carrier concentration.
Also this kind of defect has to be associated with oxygen atoms.
For comparison between the annealing behavior of low energy
(e.g., 1 Mev) and high energy (e.g., 45 Mev) electron irradiated

n-type silicon, we can mention the annealing studies on the 80°K

Irradiation of silicon by low-energy electrons which can be found

p
o
rt
4
®
—

iterature. Hilll4 observed in n-type Si irradiated with
4.5 Mev electrons at liquid nitrogen temperature that (1) there

were three recovery stages for O.Zafzswmlcrystal which were the
same as we ifound, and (2) the annealing features observed in one

sample with high resistivity (69.(2.-cm) wassimilar to our data in

vy

.Z. samples (see Fig. 2). Hill did not quote the oxygen concen-
tracion in his samples so detaiied comparisons are not possible.
Wertheim and Buchanunld reported an anneaiing of mobility at 1200K
in 1 Mev eleciron-irradiated phosphorous-doped silicon {floating-

14 e/cmz. In our

fels

zone crystal) with an integrated fiux of 6.0 x 10
experiment, one annea.ing stage located at about 125°K was found,
in waich 107% of the damage recovered in carrier concentratiomn, but
about 30% in (léﬁ). This agrees qualitatively with the data of

Wertheim and Buchanun. Novak® observed three annealing stages in

Mev electron-irradiated N-type arsenic-doped Si (quartz

f.‘l

crucibdle-high oxygen content), which were the same as we found.

Toe percentage of recovery of damage in his samples in the temperature

range ~20°K to 220°K was about 10% and is small in comparison with
our result (see Fig. 2). This difference may suggest that part of
the defects annealed out in this temperature range are due to the

P

high energy electrons only.
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Watkins found in his spin resonance work that 1). the
divacancy with a nearby defect (possibly an interstitial) anmeals
out around 13O°K,9 ,2)' the number of E-centers increases around
120°X and also around 280°K,17 3). the number of A-centers increases
around ZOOOK,18 and 4). some unidentified spectra anneal out around
14G°K.17 His sanples were irradiated at 4°K or 20°K with ~1 Mev
and 45 Mev electrons. It is not easy to correlate a macroscopic
measurement with Watkins' measurement because there are so many
different defect centers observed in the latter, even in the case
of low energy electron irradiation. |

In F.Z. sampies, the annealing of damage as measured by the
reciprocal mobility is more rapid than in carrier concentration.
The source causing this is unknown. It is possible thét the
Gislocations in the samples play an important role for this
phencmena, since the dislocations belong to one kind of the ﬁajor
imperfections in F.Z, crystals.

The production rate of the A-center which we obtain in pulled
crystals irradiated by 45 Mev electrons at 80K is comparable to
that measured by Watkinsl7 from spin resonance using same energy

.
electrons at room temperature. This is different from the results‘B”

of 1 Mev electron irradiation, in which the production rate of the
A-center at liquid nitrogen temperature is about an order of
magnitude less for pulled silicon irradiated at room temperature.
Due to the close similarity of ocur data and the results of Hill,lé
Novak,16 and Wertheim15 we conclude that a large part of defects

produced by 45 Mev electrons at lower temperatures are the defect:

found in low-energy electron irradiations. In other words, low
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dose 45 Mev electron irradiations will not produce a larger number
of high order defects, such as clusters, as was originally anticipated,

but instead, larger numbers of simple defects are produced.
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LIST OF FIGURE CAPTIONS

Flux dependence of carrier concentration, n, and reciprocal
Hall mobility, 1/u, for a phosphorous doped (~ 1{l-cm)
silicon sample irradiated at 800K with 45 Mev electrons.

Isochronal annealing of carrier concentration (fraction
of d?mage reaaining) ftn) , vs. temperature for
~10il-cm pulled and floating zone phosphorous-doped
silicon after irradiation by 45 Mev electrons at 800K
and at 15°K.

Isochronal amnealing of reciprocal Hall mobility (fraction
of damage remaining) £ (1/u) vs. temperature for

2210{l-cm pulled and floating zone phosphorous doped
silicon after irradiation by 45 Mev electrons at 80©°K.

Reciprocal Hall mobility, lép, vs. carrier concentratior:,
n, during irradiation by 45 Mey electrons at 80°K and
aiter 10 minute anneals of 10{l-cm phosphorous doped
floating-zone silicon.

Reciprocal Hall mobility, 1l/um, vs. carrier concentratiomn,
n, during irradiation by 45 Meyv electrons at 80°K and
after 10 minute anneals of 11{l-cm phosphorous doped
pulled silicon.

Temperature dependence of carrier concentration of
irradiated 10il-cm phosphorous doped floating zome

silicon after various 10 minute anneals at the temperatires
indicated.

Temperature dependence of carrier concentration of
irradiated 11 {l-cm phosphorous doped pulled silicon aft:r
various 10 minute anneals at the temperatures indicated.
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